Introduction
============

Endometriosis is defined as 'endometrium like cells outside the uterus'. Clinically endometriosis is a hereditary and heterogeneous disease with a variable presentation. It occurs in women without endometrium ([@B54]) and in men taking estrogens ([@B88]) and even in those not taking estrogens ([@B38]; [@B50]). Endometriosis is associated with pain, infertility, adenomyosis and altered pregnancy outcomes. Women with endometriosis have many biochemical changes in the endometrium, in plasma and in peritoneal fluid. The endometriosis lesions are clonal in origin and they have numerous and variable biochemical alterations such as aromatase activity and progesterone resistance. These observations can be explained by the genetic- epigenetic theory ([@B64]). The set of genetic and epigenetic changes inherited at birth ([@B100]; [@B24]; [@B74]; [@B44]; [@B55]; [@B56]; [@B107]; [@B75]) could explain the predisposition, the changes in the endometrium and in plasma ([@B11]), the changes in immunology ([@B47]; [@B84]; [@B89]; [@B113]), the decreased defence mechanism against oxidative stress ([@B3]) and the associated pregnancy disorders ([@B66]). When in some cells additional genetic or epigenetic incidents reach a certain threshold ([@B64]) the cells start to develop as endometriosis lesions. Further development of these lesions will vary with the specific set of genetic and epigenetic changes, and the environment of the peritoneal cavity or the ovary. This environment is different from the uterine environment by a different immunology, endocrinology, growth factors and cytokines. In addition, outside the uterus there is no junctional zone. Epigenetic and genetic changes can be caused by random errors during cell cleavage and by factors as radiation ([@B39]), pollution with dioxins ([@B10]; [@B42]; [@B91]; [@B101]), and oxidative stress ([@B5]; [@B43]; [@B49]; [@B97]). Especially the oxidative stress of blood may be important in the uterine cavity, in the peritoneal cavity after retrograde menstruation ([@B31]) and in the endometriosis lesions ([@B71]). Also infection ([@B9]; [@B35]) and viruses ([@B21]; [@B85]; [@B1]; [@B72]; [@B115]) can induce genetic and epigenetic changes. Infection moreover increases oxidative stress and changes immune responses ([@B13]; [@B57]), and was suggested to be a cause of endometriosis ([@B57]).

The important roles of the microbiome of the gut and of the uterus and upper genital tract were only recently realised. The peritoneal cavity and the uterus are not sterile environments but contain specific microbial communities ([@B16]). The intra-uterine microbiome ([@B7]) affects embryo implantation as evidenced during IVF ([@B30]; [@B77]). Diet and lifestyle affect the microbiome of the gut ([@B23]). Gut microbiota supply essential nutrients, synthetize vitamins, and play a role in angiogenesis and epithelial repair. Changes of the gut microbiota contribute to the development and progression of diseases, such as inflammatory bowel diseases, arthritis, psoriasis and cancer. Gut microbiota could influence the development of endometriosis through modulation of the immune responses and of pelvic inflammation ([@B67]), by metabolising oestrogens ([@B6]) and by affecting circulating oestrogen concentrations ([@B36]).

The effect of sperm cells, which can attach and transport microbes and chlamydia on their tails ([@B109]; [@B22]; [@B37]), on the upper genital tract and pelvic microbiome is poorly investigated. This mechanism of sperm transport of infectious agents was used to explain that the risk of non-gonococcal pelvic inflammatory disease (PID) ([@B105]) decreases when cervical mucus was less permeable to spermatozoa during the intake of combined oral contraceptives ([@B93]). However, over the last decade this protective effect of combined oral contraceptives has become less clear. Changes in sexual behaviour as suggested by the increase in chlamydia infections ([@B27]) might affect the incidence of PID. Others suggested that the decrease in PID in women using oral contraceptives might result from fewer diagnoses because of less severe PID symptoms ([@B8]; [@B73]). Also the association of PID and ovarian cancer ([@B98]; [@B87]; [@B114]; [@B102]; [@B106]), and the decreased risk of ovarian cancer following tubal ligation ([@B18]; [@B79]; [@B90]; [@B99]; [@B111]) and following oral contraceptive use ([@B40]; [@B80]) could be related PID. The unclear association of endometriosis and ovarian cancer ([@B41]; [@B94]; [@B28]; [@B78]) thus could have infection in common.

Considering the (epi)genetic theory of endometriosis ([@B64]) and the observations that infections ([@B9]) and viruses ([@B21]; [@B85]; [@B1], [@B115]), especially retroviruses ([@B53]) are mutagenic with epigenetic effects ([@B72]) the fast growing literature that links endometriosis with upper genital tract and pelvic infections was reviewed.

Materials and Methods
=====================

We reviewed all published data on the association of human endometriosis and bacterial or viral infections till October 2019. Pubmed was searched for 'endometriosis \[Title\] AND (infection OR PID OR bacteria OR viruses OR microbiome OR microbiota OR 'pelvic inflammatory disease' OR microbial). The title and if suggestive the pdf of all 384 articles found were hand searched by one author (P.R. Koninckx) for a link between endometriosis and infection. Pubmed was searched for 'reproductive microbiome' and the 120 best matched articles out of 1899 were hand searched. All articles of interest were added to a dedicated group in a personal endnote database. Google scholar was searched for 'reproductive microbiome AND endometriosis'. The first 160 hits were searched for a relationship with endometriosis generating 8 additional articles of interest. A series of very recent non-peer reviewed articles on endometriosis treatment by antibiotics and food intake were not incorporated in this review.

The role of spermatozoa in PID was searched by (sperm OR spermatozoa) AND (PID OR pelvic infection) generating 176 hits and by (sperm OR spermatozoa) AND (flat capillaries OR cervical mucus) generating 1560 hits. Also, these articles were hand searched for evidence of the transport of infectious agents by spermatozoa.

All 31 articles describing a link between endometriosis and infection and or microbiota were incorporated in this manuscript. Since selection was done without eligibility criteria, and since all articles were included, a PRISMA flow chart was not included ([@B76]).

For clarity, throughout our manuscript we refer to microbiota as the group of microorganisms present in a defined environment, and microbiome refers to the entire habitat, thus including microorganisms, their genomes and the environmental conditions.

Results
=======

Already in 1960 endometriosis was found in 18 to 50% of women with chronic salpingitis versus a small percent in women with acute infections ([@B51]).

Women with endometriosis have more upper genital tract infections
-----------------------------------------------------------------

Indeed, a higher incidence of chronic endometritis ([@B19]; [@B104]), more severe pelvic inflammatory disease ([@B34]), a higher risk of surgical site infection after hysterectomy ([@B17]) and a higher vaginal pH and more colony forming units of Gardnerella, a-Streptococcus, Enterococci and Escherichia coli in the endometrium ([@B58]). Women with cystic ovarian and deep endometriosis have in their cervix no Atopobium but an increase in Gardnerella, Streptococcus, Escherichia, Shigella, and Ureoplasma, and more frequently a Shigella/ Escherichia dominant stool microbiome ([@B4]). Women with endometriosis, especially with red lesions have a higher concentration of Escherichia Coli in menstrual blood and higher concentrations of bacterial endotoxins in menstrual blood and in peritoneal fluid ([@B60]; [@B57]). Women with endometriosis have a specific microbial colonisation in the uterus and in the peritoneal fluid ([@B16]) and in the uterus and fluid of cystic ovarian endometriosis ([@B59]). They have more frequently Enterobacteriaceae and Streptococcus in their cervical mucus ([@B2]). The significantly altered cervical microbiome in endometriosis stage III becomes normal for a short period after surgery ([@B25]).

A history of PID is associated with a 3-fold increased risk of developing endometriosis within 10 years in comparison with control women ([@B103]). Chronic endometritis is associated with an altered uterine contractility which might increase retrograde menstruation ([@B86]). Lower genital tract infection is an independent risk factor for developing endometriosis with and odds ratio of 2 in comparison with a control group ([@B68]).

Women with endometriosis have more mollicutes in peritoneal fluid
-----------------------------------------------------------------

Mollicutes (mycoplasma hominis, mycoplasma genitalium, ureaplasma urealyticum, and ureaplasma parvum) were found in the peritoneal fluid of women with and without endometriosis in 54% and 33% respectively ([@B13]). Although not statistically significant when compared individually, the prevalences of mycoplasma hominis, mycoplasma genitalium, ureaplasma urealyticum were systematically higher in peritoneal fluid of women with endometriosis than in women without endometriosis. In peritoneal fluid of women with endometriosis, M. genitalium, M. hominis and U. urealyticum were found whereas in the control group only M. genitalium and M. hominis were detected. In the peritoneal biopsies of women with endometriosis M. genitalium and M. hominis were found whereas in the control group only M. genitalium was detected. Both peritoneal fluid and peritoneal biopsies showed a significant higher diversity in microorganisms in women with endometriosis than in the control group ([@B13]).

Endometriosis lesions contain frequently HPVA viruses
-----------------------------------------------------

Although an initial report did not find increased viral DNA in endometriosis ([@B108]), more recently high and medium risk human papilloma viruses (HPV), but not herpes virus or chlamydia were found in 11% of the endometriosis lesions and in 27% of other pelvic tissues ([@B83]). High-risk and medium-risk HPV were detected in 26% and 10% of ovaries with and without a cystic ovarian endometriosis ([@B46]). In a prospective case control study, endometriosis was specifically associated with upper genital tract high risk HPV infection but not with other sexually transmitted diseases ([@B92]).

Although the significance remains unclear, endometriosis lesions contain DNA with 96% homology with Shigella DNA ([@B62]).

In mice, induced endometriosis interacts with the gut microbiome and vice-versa
-------------------------------------------------------------------------------

In mice, induction of endometriosis altered the gut microbiota with an increased Firmicutes/ Bacteroidetes ratio ([@B112]). In a mouse endometriosis model, the treatment with broad spectrum antibiotics or by metronidazole changed the intestinal microbiome and the growth of 'endometriosis' lesions was significantly reduced ([@B15]) unless gut microbiota were restored.

Discussion
==========

The specific microbiome of the upper genital tract and of the peritoneal cavity
-------------------------------------------------------------------------------

The peritoneal cavity, the upper genital tract, the endometrial cavity and the cervix have a specific microbiome which seems to be a continuum which is determined by the vaginal microbiome like ascending infections together with the specific local immunity. The microbiome of the peritoneal cavity is in addition influenced by the gut microbiome by transmural migration.

The role of the uterine microbiome in fertility and implantation ([@B77]; [@B30]; [@B7]; [@B69]) is beyond the scope of this article. The role of the microbiome of the peritoneal cavity and of the upper genital tract is unclear. This microbiome is considered a primary defence mechanism against infection by pathogens ([@B48]). The peritoneal microbiome plays a role in the innate immunity through bacterial endotoxins or lipopolysaccharides and the Toll-like receptor 4 ([@B57]).

The association of endometriosis with upper genital tract and peritoneal cavity infections
------------------------------------------------------------------------------------------

The association of endometriosis and infection started with Sampson who described histological similarities between endometriosis and infectious lesions ([@B96]). Subtle endometriosis lesions have often a mainly inflammatory histology ([@B12]; [@B70]). Ascending infections are consistent with the observation that endometriosis occurs predominantly in the pelvis, and were recently suggested to cause endometriosis by cell trauma ([@B14]). The apparent increase in severity of deep endometriosis in the western word ([@B63]), could be linked to the changed sexuality and the associated risk of infection. In addition our life style and increased hygiene ([@B26]) were suggested to have induced changes in gut microbiome and auto-immunity and in enterococcal bacteriophages facilitating the transmural migration of gut bacteria ([@B32]).

The cumulative evidence that endometriosis is associated with more vaginal and upper genital tract infection and more PID ([@B34]) is strong. Not a single report found an association in the opposite direction. The association of endometriosis with infections adds to the many endometriosis associated events ([@B64]). However, the interpretation of associated events should be done carefully, since for many associated events it is unclear which cause endometriosis, which are a consequence and which are the consequence of a common constitution.

Infections could be the consequence of any of the many endometriosis associated events such as infertility, pain, low grade pelvic inflammation ([@B45]; [@B95]), more abundant menstruation, menorrhagia, alterations in immunology, changes in the endometrium and pregnancy disorders ([@B64]). In addition, medical therapy with e.g. progestagens will affect the vaginal epithelium and flora, the endometrium and endometrial microbiota and probably the peritoneal fluid.

Infections could be a co factor causing endometriosis
-----------------------------------------------------

Bacteria ([@B9], [@B35]), viruses ([@B85]; [@B21]; [@B1]; [@B72]; [@B115]) and other micro-organisms can cause genetic and epigenetic incidents in endometrial cells and in cells of the peritoneal cavity. Although not yet identified in the peritoneal cavity or in endometriosis lesions, it cannot be excluded that occasionally other viruses as retroviruses with a strong oncologic potential might find their way to the peritoneal cavity ([@B53]). Besides a direct genetic or epigenetic effect, these infectious agents and the increased endotoxins increase the cellular and immunological stress and add to the oxidative stress of retrograde menstruation and of bleedings in the lesions ([@B61]). Since tubal sterilisation decreases the risk of ovarian cancer, it is tempting to speculate that these infections could also cause tubal epithelial damage and ovarian cancer. Infection thus could be the common denominator to explain the unclear association of endometriosis and ovarian cancer.

Infections could contribute to the growth of endometriosis lesions through their effect on immunity, angiogenic and growth factors in the peritoneal cavity ([@B65]). Mycoplasma genitalium down-regulates genes associated with the inflammatory response ([@B13]). This together with the secretion of glycodelins (placental protein, PP14) by endometriotic cells ([@B81]) and the subsequent decrease in Natural Killer cell activity ([@B82]; [@B52]) plays a role in the immuno-tolerance towards endometriosis. The stimulation of innate immunity by endotoxins plays a role in the low- grade inflammation of the peritoneal cavity in women with endometriosis ([@B45]; [@B57]; [@B95]), which thus could be a co-factor in the growth of endometriosis lesions ([@B57]).

Endometriosis and intestinal microbiome
---------------------------------------

The role of the gut microbiota in endometriosis is still unclear. Transmural migration contributes to the peritoneal microbiome, and the finding of Shigella- like DNA in endometriosis lesions suggest a bowel origin ([@B62]). With all limitations of the mouse model of endometriosis it is clear that gut microbiota affect the growth of transplanted endometrium ([@B15]; [@B112]). It is unclear whether the mechanism involves the peritoneal microbiome, or associated growth factors. It explains observations in the human as the association of the endometriosis risk with diet as red meat ([@B110]) or lipid intake or exercise since both diet ([@B29]) and exercise ([@B20]) affect gut microbiota.

Sperm transport of infectious agents and pelvic and upper genital microbiota
----------------------------------------------------------------------------

Spermatozoa can transport some bacteria on their tails ([@B22]). It is surprising that the transport capacity by spermatozoa remains unexplored for most bacteria and viruses and intra- cellular replicating pro-karyotic organisms. It is therefore also unknown whether sperm transport plays a role in tubal damage by chlamydia, or in the pathogenesis of endometriosis.

Upper genital tract and peritoneal cavity microbiome by sperm transport of bacteria obviously are at best only one factor in the pathophysiology of endometriosis since the disease exists in the absence of sexual contact.

Strength and weakness of these studies
--------------------------------------

The weakness of the association of endometriosis with upper genital tract and pelvic infections is that the articles are either microbiota studies, or population-based association studies, or studies investigating a specific infection. In most studies the diagnosis and type of endometriosis is poorly described. Except for studies describing severe deep or cystic ovarian endometriosis, it is rarely clear how subtle endometriosis were classified. Recognition of subtle lesions varies with the expertise and interest of the surgeon and it remains debated whether subtle endometriosis is pathology or whether it a physiological phenomenon occurring intermittently in all women ([@B64]). However, this does not invalidate the conclusion. On the contrary a stricter definition of endometriosis is expected to strengthen the conclusions of an association between endometriotic disease and infection.

A publication bias is likely since studies with a negative outcome risk are less likely to be published.
--------------------------------------------------------------------------------------------------------

Studies on PID and of the natural defence mechanisms are hampered by the inaccurate clinical diagnosis of PID, except for gonorrhoea with severe symptoms. An accurate diagnosis of PID requires a diagnostic laparoscopy and the identification of the infectious agents, which requires advanced laboratory techniques for some viruses and some bacteria. In addition, PID is often a poly-viral and/ or poly-bacterial infection.

Conclusions
===========

In conclusion, the uterine, tubal and pelvic cavities are not sterile, but they are environments with a specific immunity and microbiome. This is not surprising considering the connection to the outside world and the potential transport of micro- organisms by spermatozoa. The contribution of transmural migration of the gut microbiota is unclear. Endometriosis is associated with alterations in the microbiome of the upper-genital tract and the peritoneal cavity, with an increase in mollicutes and with HPV virus in the lesions. These infections have the potential to initiate endometriosis by causing genetic-epigenetic incidents and to contribute to the growth of endometriosis ([Figure 1](#g001){ref-type="fig"}). Understanding the mechanism of upper genital tract infection and microbiota and the interplay with the gut microbiota is expected to lead to new therapies for prevention of endometriosis growth and recurrences.
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